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With the high accuracy afforded by the sextuple correlation consistent basis set of Dunning, we have
calculated energy levels, dissociation energies, equilibrium distances, and other spectroscopic
constants for eleven valence and four Rydberg states of the CH radical. Comparisons with
experimental and previous theoretical results are made for each state that has been treated. An
understanding of their binding is attempted by means of simple valence bond–Lewis diagrams.
© 1999 American Institute of Physics. @S0021-9606~99!30245-2#I. INTRODUCTION
The CH radical was first detected in the laboratory as
early as 1918,1,2 and has been the subject of numerous spec-
troscopic investigations in the optical, infrared, far infrared,
and microwave regions seeking to establish various spectro-
scopic constants, binding energies, equilibrium distances, di-
pole moments, lifetimes of excited states ~lately rotationally
resolved!, hyperfine parameters, photodissociation and
photoionization processes, as well as dissociative recombina-
tion mechanisms.3–92 Its presence ~along with other hy-
drides! in extraterrestrial regions93–117 and in flames118–139
has been a strong reason for the lasting interest in this radi-
cal, which interest recently has increased due to the presence
of CH in reactions on surfaces of metal catalysts such as Ru
and Pd.140,141 In a series of articles, Herzberg and
co-workers16,19,26,30 have obtained spectra of CH and CD by
flash photolysis of normal and deuterated diazomethane ~as
their precursor!, and from the analysis of these spectra, they
have obtained spectroscopic constants for the ground and
excited states of CH and CD as high as about 65 000 cm21
~;8 eV!. Some of these constants have been refined by other
workers, but the data collection in Ref. 30 ~almost duplicated
in Ref. 48! still seems to be the main source of such con-
stants. Up until 1985 the spectroscopy of states above 50 000
cm21 was not well known except for the data provided by
Herzberg’s work.30 Since then, using the photodissociation
of organic precursors of CH, resonant multiphoton ionization
spectra with mass and photoelectron analysis have been ob-
tained and have yielded new states and previously unob-
served bands, and some inconsistencies of previous assign-
ments have been resolved.56,59,64,66,136 Yet, very few
constants for these states have been obtained so far from the
analysis of these new spectra. The existence of the spectro-
scopically elusive a 4S2 state which lies just above the
ground state has been detected in the gas phase by laser
photoelectron spectrometry of CH2 ~Refs. 142, 143! and
later by laser magnetic resonance.144 Along with the spectro-
scopic constants of CH, similar data for its CD isotope have9530021-9606/99/111(21)/9536/13/$15.00
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject also been obtained8,9,11,21,29–32,48,145–147 as well as constants
for its 13CH isotope148–151 and the hyperfine parameters of
X 2P .149 Spectra of CH in a low temperature matrix have
recently been obtained.152,153
Theoretically, first-row hydrides were the main targets of
early molecular computations beyond H2 and H2
1
. One rea-
son for this was the relative abundance of early spectroscopic
data for these molecules ~and their cations! thus furnishing
equilibrium separations, spectroscopic constants, and ground
state symmetries. Another reason was the fact that only few
basis functions were needed for H, thus allowing sufficient
functions to be placed on the other nucleus for a satisfactory
representation of the orbitals. Also, the correlation energy
was slightly easier to estimate, since upon separation H has
no correlation energy; in addition, there is little difference
between the inner shells of the hydride and of the corre-
sponding first-row atom. Some of the early treatments were
qualitative154–156 and some employed Slater-type molecular
orbitals for valence electrons without self consistency
considerations.157,158 However, Hartree–Fock–Roothaan
type calculations were employed soon, some with limited CI,
and some with further semiempirical correlation corrections
and exponent optimization in the expansions of the Slater-
type functions. The very first simple calculation of CH ap-
parently was that of Niira and Oohata157 in 1952 while two
years later Higuchi159 did the first CI calculation. Over the
years, the progressively developed sophisticated methods
were also applied to the first and second-row hydrides; semi-
empirical methods estimating spectroscopic constants by
combining experimental and theoretical results were also
used. The CH radical has been a part of many of these
calculations.160–234 A reasonably detailed bibliography of
calculations of first-row hydrides up to 1966 was given by
Cade and Huo,166 while Meyer and Rosmus186 give refer-
ences to such calculations from 1966 to 1975.
The volume of theoretical work naturally deals with
much the same topics as the experimental papers. Since we
are only sketching previous work on CH ~our references are
certainly not exhaustive!, we will touch only briefly on pre-6 © 1999 American Institute of Physics
to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Liu and Verhaegen170 employed ab initio LCAO-MO-SCF
calculations with semiempirical correlation corrections and
produced limited potential-energy curves ~PEC! for seven
states and obtained acceptable spectroscopic constants for six
of them. The most extensive totally ab initio work on CH
was that of Lie et al.175 and Hinze et al.188,189 who employed
a CI method with Slater orbitals as basis functions. They
calculated very accurate PECs for the first five states of CH
as well as their properties, spectroscopic constants, transition
probabilities, lifetimes, and hyperfine parameters. Meyer and
Rosmus186 investigated the ground state of CH and other
hydrides by PNO-CI and CEPA methods with Gaussian ba-
sis sets with an eye towards investigating the reliability of
these methods. Their results, however, are somewhat inferior
to those of Lie et al. Sun and Freed196 have used quasidegen-
erate MBPT with Slater orbitals as basis functions and have
obtained a large number of CH potential curves and spectro-
scopic constants for eight states. However, they have not
given absolute energy values; the calculations do not con-
verge beyond 5 bohr and the derived constants of the five
lowest states do not compare favorably with experimental
data. Van Dishoeck205 has investigated the photodissociation
processes of CH by a multireference CI method with Gauss-
ian basis sets ~MRDCI! and has generated potential curves
for states up to about 9 eV from the ground state. However,
the minimum of the X 2P ground state is about 16 mH
higher than the latest value ~vide infra! probably because of
the limited size of the basis set and the somewhat large
threshold of 10 mH, which generated about 5000 configura-
tion functions ~CF!. Notice that with the method used, the
computed properties do not correspond to the extrapolated
~near full-CI! energies but to the wavefunction correspond-
ing to the 5000 CFs.227 Also, no equilibrium distances ~ex-
cept for the X 2P state! or other spectroscopic constants were
given, since this was not the purpose of the work, and the
binding ~dissociation! energies for some states were small
compared to the experimental values ~almost half as small
for the B state!. Grev and Schaefer223 using the CCSD~T!
method with four basis sets have calculated the ground state
and atomization energies, with and without core correlation,
and the heats of formation of CH and other species. Peterson
et al.224 and Peterson and Dunning233 have done benchmark
calculations for CH and other species ~testing various basis
sets and methods! and have obtained accurate energies and
spectroscopic constants, but only for the ground state of each
species. Hettema and Yarkony228 employing the full Breit–
Pauli spin–orbit Hamiltonian with MRCI functions have
studied the spin-forbidden radiative decay of the CH(a 4S2)
state and have found its lifetime to be between 12 and 8 s
depending on the vibrational state. They have also generated
potential curves for the X, a, A, and C states and have com-
puted their dipole moments. Martin,234 using the CCSD~T!
method with correlation consistent basis sets, has carried out
a very accurate calculation for the ground ~only! state of CH
and some other hydrides, and has obtained reliable spectro-
scopic constants and dissociation energies, but he has not
given absolute energy values.
Although the ground state of CH has been well charac-Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject terized, there is still a lack of accurate data for the excited
states, especially the ones above 50 000 cm21. With spectro-
scopic experiments appearing in the literature involving
highly excited states it is obvious that accurate values of
constants for these states are needed to corroborate the ex-
perimental findings and to help experimentalists to correctly
assign new bands and lines.
Thus, the purpose of the present work is to produce ac-
curate PECs and accurate spectroscopic constants, and to in-
vestigate the binding modes for as many states as possible.
We generate curves for all the states arising from the 2S state
of H and the 3P , 1D , 1S , 5S , the doublet states of 3P , 1P ,
and one state stemming from the 3D of C. We also compute
their equilibrium distances, binding energies, and vibrational
and rotational interaction constants as well as their dipole
moments. For easy reference, Table I shows the quantities of
interest in the present work which have been computed by
some of the previous authors.
II. BASIS SETS AND COMPUTATIONAL APPROACH
The correlation consistent cc-pVnZ basis sets of Dun-
ning and coworkers235 have been employed throughout the
present work. For the H atom the n54 basis set was em-
ployed in all cases. For the C atom the n56 ~sextuple! basis
was selected but with the functions i of l56 angular momen-
tum removed. For the CH Rydberg states arising from the 3P
and 1P(2p13s1) states of C we have used the corresponding
augmented basis set but without the diffuse functions of h
symmetry. Thus, our largest basis set expansion reads
(17s11p6d5 f 4g2h/6s3p2d1 f ) generally contracted to
@8s7p6d5 f 4g2h/4s3p2d1 f # containing 182 Gaussian
functions.
Starting with a CASSCF calculation, we have distributed
the five valence electrons in ten active orbitals (2s12p
13d of C and 1s of H! for the valence states, and in eleven
active orbitals ~adding a 3s diffuse function on C! for the
Rydberg states. This generated about 800 and about 1400
CFs, respectively, depending on the molecular symmetry.
All CASSCF vectors were optimized under C2v symme-
try and equivalence restrictions, thus acquiring axial symme-
try. Dynamical valence correlation was obtained by single
and double excitations out of the CAS ~i.e.,
CASSCF11125MRCI) using the internal contraction
scheme as implemented in the MOLPRO 96.4 package.236 Of
course, at the CI level, calculated states conform to the irre-
ducible representations of the C2v point group, therefore do
not possess pure axial symmetry. In particular states of S1,
S2, P6 and D6 symmetries are calculated as A1 , A2 , B1 ,
and A1 ~or A2), respectively. The uncontracted MRCI space
ranges from 1 500 000 to 4 000 000 CFs while the internally
contracted space ranges from 300 000 to 1 500 000 CFs, de-
pending on the molecular symmetry. For a stand alone C
atom, spherical symmetry was implemented by performing
state averaged CASSCF calculations before the MRCI ones.
The energy loss for the CH(X 2P) state due to internal
contraction has been estimated by Peterson et al.224 to be
about 1 mh at the MRCI/cc-pVQZ level. Because of the
large size of the basis sets used here, no correction for the
basis set superposition error was deemed necessary. Size ex-to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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State
2Energy
~hartree!
Te
~eV!
De , @D0#
~eV!
re , @r0#
~Å!
m
~D!
ve
~cm21!
vexe
~cm21!
ae
~cm21!
D¯ e (1024)
~cm21! Reference
X 2P fl 0.0 2.98 1.09 1.97 3100 159 ~1954!a
38.464 2.97 1.54 160 ~1958!b
38.2796 2.47 1.104 3053 55.5 0.4712 166 ~1967!c
38.2794 1.124d 1.57 168 ~1968!d
38.479 3.46 1.106 3108 170 ~1970!e
38.4104 3.51 1.118 1.450 2886.1 82.0 0.589 14.4f 175 ~1973!g
38.4083 3.47 1.122 1.43 2841.7 64.4 0.532 186 ~1975!h
fl 0.0 1.133 2519.1 19.17 0.737 196 ~1981!i
38.3852 @3.32# 1.124 2828.3 62.52 0.520 198 ~1983!j
38.4069 0.0 3.45 1.1199 205 ~1987!k
38.4195 3.609 1.104l 223 ~1992!l
38.4702 3.585 1.104l 223 ~1992!l
38.4186 3.59 1.1201 2850.2 64.0 0.5374 224 ~1993!m
38.4138n 0.0 1.1224 2851.9 66.6 228 ~1994!n
38.4207 3.613 1.1202 233 ~1997!o
38.4720 3.608 1.1184 233 ~1997!o
fl 3.631p 1.11958 2857.88 63.839p 234 ~1998!p
fl 1.11808 2861.72 64.554q 234 ~1998!q
38.4217 3.615 1.1204 1.4057 2851.0 62.15 0.542 14.85 present work
fl 0.0 3.640 1.1197868 1.4660.06 2860.75 64.44 0.5365 14.7 Exp. 48, 86
a 4S2 fl 0.09 1.08 1.07 3500 159 ~1954!a
38.449 150 ~1958!b
38.2344 1.1026d 0.89 168 ~1968!d
38.445 1.093 3359 170 ~1970!e
38.3865 2.84 1.086 0.663 3145.7 71.8 0.553 14.3f 175 ~1973!g
fl 0.481 1.114 2947.3 83.35 0.467 196 ~1981!i
fl 0.716 1.0912 3117.3 80.6 228 ~1994!n
38.3942 0.747 2.863 1.0892 0.6531 3090.9 102.17 0.723 15.19 present work
fl 0.742 @2.723# @1.0977# Exp. 143, 144
A 2D fl 2.75 1.10 1.41 3300 159 ~1954!a
38.364 150 ~1958!b
38.1803 1.1026d 0.91 168 ~1968!d
38.371 1.090 3111 170 ~1970!e
38.3031 1.90 1.102 0.904 2970.3 98.5 0.697 15.2f 175 ~1973!g
fl 3.074 1.123 2688.8 80.17 0.812 196 ~1981!i
38.2794 @1.45# 1.111 2863.6 96.15 0.696 198 ~1983!j
fl 3.00k 1.88 205 ~1987!k
fl 2.922 1.1073 2926.9 103.8 228 ~1994!n
38.3151 2.901 1.975 1.1056 0.8434 2911.1 91.99 0.675 15.42 present work
fl 2.870 2.010 1.1031 0.7760.07 2914.10 81.40 0.6354 15.4 Exp. 30, 86, 74
B 2S2 fl 3.07 1.13 1.89 3100 159 ~1954!a
38.1583 1.1861d 1.54 168 ~1968!d
38.358 1.124 2543 170 ~1970!e
38.2908 0.23 1.173 1.389 2141.7 223.2 1.933 22.6f 175 ~1973!g
fl 3.180 1.270 2081.1 385.7 1.579 196 ~1981!i
fl 3.24k 0.29 205 ~1987!k
38.3026 3.241 0.372 1.1768 1.3285 2167.1 173.72 1.11 19.38 present work
fl 3.231 0.409 1.1640 2246.42 225.7 1.4823 16.3 Exp. 30, 89
C 2S1 fl 3.65 1.11 1.41 3200 159 ~1954!a
38.1283 1.1132d 0.94 168 ~1968!d
38.333 1.097 3085 170 ~1970!e
38.2627 0.78 1.111 0.955 2887.5 106.8 0.771 15.5f 175 ~1973!g
fl 4.095 1.129 2558.9 88.83 0.794 196 ~1981!i
fl 4.02k 0.86 205 ~1987!k
fl 3.9904 1.1179 2853.3 133.0 228 ~1994!n
38.2758 3.983 0.910 1.1164 0.9055 2837.3 87.76 0.429 14.91 present work
fl 3.943 0.940 1.1143 2840.2 125.96 0.7185 15.55f Exp. 30, 48Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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State
2Energy
~hartree!
Te
~eV!
De , @D0#
~eV!
re , @r0#
~Å!
m
~D!
ve
~cm21!
vexe
~cm21!
ae
~cm21!
D¯ e (1024)
~cm21! Reference
E 2P fl 7.09 1.14 1.19 3100 159 ~1954!a
38.210 1.167 2643 170 ~1970!e
fl 7.558 1.137 3284.9 905.2 0.261 196 ~1981!i
fl 7.43k 205 ~1987!k
38.1513 7.358 1.1437 0.8334 2743.0 57.63 0.512 14.24 present work
fl ~7.488!r ~1.15! Exp. 48
aMinimal STF basis set with small CI; dipole moments from SCF calculations.
bMinimal STF basis set with small CI plus semiempirical correlation corrections; all at 2.124 bohr.
cSCF with optimized STF exponents; Basis set: C (5s4p2d1f ); H (3s1p); potential curve ~1.6 to 3.5 bohr!.
dSame as ~c! but without potential curve; all at the indicated experimental r’s ~A 2D state’s r used in a 4S2 state!.
eLCAO-MO-SCF with a semiempirical correlation estimate; basis set as in ~c!.
fThis quantity corresponds to Dv50 (1024) cm21.
gMedium size CI with NO’s and an optimized STF basis set ~C/H: 6s4p2d2 f 4s3p2d); potential curves.
hCEPA with the GTO basis set: C: 4s4p2d1f ; H: 4s2p1d .
iQuasidegenerate MBPT with the STF basis set ~C/H!: (4s3p1d/2s1p).
jLarge CASSCF with the basis set: C: 6s6p3d; H: 4s3p; active space: 5s 3p and 1d ~propert.! or 2d ~energies!.
kMRDCI ~10mH threshold! with customized basis sets. Te’s are vertical excitations from re of the ground state.
lCCSD~T! with customized basis set; re is the equilibrium distance at the SCF level; 1st line: frozen core; 2nd line: all electrons correlated.
mCASSCF1112 with the correlation consistent basis set cc-pV5Z.
nSA-CASSCF/CI with the cc-pVTZ basis set; the energy value corresponds to r52.116 bohr.
oCCSD~T! with the basis sets ~C/H!: cc-pV~5Z/QZ!, 1st line: frozen core, and cc-pCV~QZ/QZ!, 2nd line all electrons correlated.
pCCSD~T! with the cc-pV6Z basis set. Extrapolated to infinite-basis limit gives De53.643 eV and D053.468 eV; veye50.305, veze520.004 cm21.
qCCSD~T! ‘‘best estimate’’ with cc-pVnZ basis sets including core correlation; veye50.300, veze520.005 cm21.
rThe T0 value is 7.313 eV; the Te estimate is uncertain.tensivity errors are also small; at the MRCI level our largest
such error is about 0.4 mh for the H 2P Rydberg state and
0.08 mh for the valence states, as obtained by subtracting the
CI fragments from the MRCI supermolecule.
Excited states of 2P and 2S1 symmetry have been ob-
tained via the state average ~SA! methodology employing
w(1,1,1,1) weighting vectors. Energy losses due to the SA
approach are not significant; for instance, for the states X 2P
and C 2S1 equilibrium energy differences with and without
the SA amount to 0.2 and 1 mh, respectively.
Spectroscopic constants for the four isotopic species
12CH, 12CD, 13CH, and 13CD were extracted by fitting 20 to
30 equidistant energy points ~0.02 bohr apart! around the
equilibrium geometry, and then applying a standard Dunham
analysis.237
III. RESULTS AND DISCUSSION
To estimate the sufficiency of our basis set, we com-
puted the energy levels of the C atom in a spherically aver-
aged manner as previously indicated. It was found that the
SCF energy of the 3P ground state was 237.688 612 h, just
7 mh above the numerical result.238 Table II lists the absolute
MRCI energies and energy gaps (DE) of the 3P(2s22p2),
1D(2s22p2), 1S(2s22p2), 5S(2s12p3), 3P(2s22p13s1),
1P(2s22p13s1), and 3D(2s12p3) terms calculated as indi-
cated in the previous section. Nearly all energy gaps are in
excellent agreement with the experiment, showing that the
chosen basis set and correlation treatment are adequate for
all the computed CH states. The two small deviations from
this agreement are the 1P(2s22p13s1)←3P(2s22p2) and
3D(2s12p3)←3P(2s22p2) energy splittings, which are
overestimated by 0.060 and 0.148 eV, respectively.Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject Table III displays total energies (E), binding energies
(De), equilibrium bond lengths (re), dipole moments ~m!,
and energy gaps (Te) of all the calculated, bond CH states.
Two more states have been calculated, the b 4P and d 6S2,
but they are repulsive and thus not listed in this table. Tables
IV–VII list spectroscopic constants for four isotopic species
(12C–H, 12C–D, 13C–H, 13C–D!. PECs for all computed
states are shown in Fig. 1.
In what follows we discuss the important characteristics
of every state. An effort is made to analyze the chemical
binding, using simple valence bond-Lewis ~vbL! pictures.
A. The ground X 2P state
We can envisage the formation of the X 2P state as the
result of C(3P;M561)1H(2S) reaction. The bonding can
be represented by the following vbL diagram:
TABLE II. Total energies E~hartree! of the 3P , 1D , 1S , 5S , 3P , 1P , and 3D
carbon states and corresponding energy splittings DE~eV! with respect to
the ground 3P state at the MRCI level of theory. Experimental values in
parentheses.
State 2E DEa
3P(2s22p2) 37.788 854 0.0 ~0.0!
1D(2s22p2) 37.742 195 1.270 ~1.260!
1S(2s22p2) 37.689 894 2.693 ~2.680!
5S(2s2p3) 37.635 375 4.176 ~4.179!
3P(2s22p13s1) 37.512 859 7.510 ~7.545!
1P(2s22p13s1) 37.504 361 7.741 ~7.681!
3D(2s2p3) 37.491 569 8.090 ~7.942!
aExperimental values averaged over M J , Ref. 239.to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 08 DeTABLE III. Total energies E~hartree!, dissociation energies De ~kcal/mol!, bond distances re (Å), dipole
moments m~D!, and energy gaps Te ~kcal/mol! of the calculated states of the C–H system.
State Methoda 2E Deb re m Te
X 2P CASSCF 38.365 769 71.51 1.1291 1.3835
MRCI 38.421 680 83.37 1.1204 1.4057 0.0
MRCI1Q 38.422 8 83.68 1.1204
Exp.c 83.94 1.119786 1.4660.06 0.0
a 4S2 CASSCF 38.348 569 59.03 1.0834 0.6292
MRCI 38.394 231 66.03 1.0892 0.6531 17.22
MRCI1Q 38.395 0 66.23 1.0898
Exp.d 62.8060.23 1.0977 fl 17.1160.18
A 2D CASSCF 38.252 503 31.15 1.1236 0.7634
MRCI 38.315 088 45.54 1.1056 0.8434 66.89
MRCI1Q 38.316 5 46.05 1.1052
Exp.e 46.35 1.1031 0.7760.07 66.19
B 2S2 CASSCF 38.251 060 22.84 1.2353 1.3854
MRCI 38.302 579 8.59 1.1468 1.3285 74.74
MRCI1Q 38.303 6 8.94 1.1748
Exp.f 9.43 1.1640 fl 74.51
C 2S1 CASSCF 38.207 095 1.22 1.1300 0.7762
MRCI 38.275 824 20.98 1.1164 0.9055 91.85
MRCI1Q 38.277 8 21.80 1.1134
Exp.g 21.68 1.1143 fl 90.93
D 2S1 CASSCF
MRCI 38.204 769 9.35 1.6635 1.4203 136.11
MRCI1Q 38.208 7 9.26 1.6547
Exp. fl fl fl fl
c 4S2 CASSCF 38.134 148 12.79 1.8586 0.1479
MRCI 38.170 874 22.31 1.7866 0.2630 157.38
MRCI1Q 38.171 5 22.60 1.7839
Exp. fl fl fl fl
E 2P CASSCF 38.087 085 1.1663 0.5834
MRCI 38.151 279 1.1437 0.8334 169.68
MRCI1Q 38.153 2 1.1426
Exp.h 1.15 fl 172.68
F 2P CASSCF 38.071 897 58.08 1.1696 4.0236
MRCI 38.132 337 75.22 1.3751 4.4172 181.57
MRCI1Q 38.134 6 75.76 1.3751
Exp.h fl 1.20 fl 187.62
G 2S1 CASSCF
MRCI 38.123 104 69.30 1.1482 6.1699 187.36
MRCI1Q 38.125 1 69.94 1.1508
Exp.h fl 1.221 fl 188.55
~local minimum!
CASSCF
MRCI 38.064 757 32.68 2.6323 8.7422 223.97
MRCI1Q 38.071 1 36.02 2.6642
Exp. fl fl fl fl
H 2P CASSCF 38.040 009 43.75 1.4185 2.1774
MRCI 38.101 144 61.03 1.3762 2.0212 201.14
MRCI1Q 38.105 2 62.41 1.3651
Exp. fl fl fl fl
I 2S1 CASSCF
MRCI 38.096 382 57.85 1.2639 0.1610 204.15
MRCI1Q 38.099 4 59.12 1.2591
Exp. fl fl fl fl
J 2D CASSCF
MRCI 38.069 471 48.92 1.6661 0.3515 221.05
MRCI1Q 38.073 2 46.18 1.6612
Exp. fl fl fl fl
aMRCI1Q refers to the multireference Davidson correction.
bAll De values are with respect to adiabatic products.
cThe De ,Re ,m values are from Refs. 48, 86, and 25, respectively.
dThe data reported, Ref. 143, correspond to D0 , r0 , and T0 values; see text.
eThe re ,Te values are from Ref. 86, and m is from Ref. 74.
fReferences 89 and 240. For the experimental De see text.
gDe from Ref. 30, the rest of experimental findings from Ref. 48.
hReference 48.c 2008 to 194.177.215.121. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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2s1.812pz
1.272px
0.982py
0.063d0.06/1s0.792pz
0.012py
0.02
,
supporting the picture above. At infinity, the corresponding
C atomic distributions are
2s1.932pz
1.02px
1.02py
0.053d0.03,
indicating a near degeneracy or GVB 2s – 2py correlation. In
total 0.2e2 are transferred from H to C. Therefore, upon
completion of the C1H interaction, ;@0.12(2sC)
10.18(1sH)# electrons are promoted to the 2pz orbital of C.
As it can be seen from Tables I and III, our total MRCI
energy of 238.421 680 hartree is the lowest valence corre-
lated energy reported so far in the literature. We also report a
De583.37 kcal/mol at the MRCI level which becomes 83.68
kcal/mol when the multireference Davidson correction for
unlinked clusters is taken into account. Further, if we add to
this value a core correlation correction of about 0.13 kcal/
mol ~vide infra!, we obtain a final De583.81 kcal/mol, 0.13
kcal/mol lower than the experimental value. Our value of re
is 1.1204 Å; assuming a 0.002 Å decrease due to core cor-
relation effects233,234 our final re value is 1.1184 Å. Also, our
TABLE IV. Harmonic frequencies ve , anharmonicities vexe , rotational
vibrational couplings ae , and centrifugal distortions D¯ e in cm21 of the
12C–H system in different states at the MRCI level. Experimental values in
parentheses.
State ve vexe ae D¯ e(1024)
X 2P 2851.0 62.15 0.542 14.85
~2860.75!a ~64.44! ~0.5365! ~14.7!
a 4S2 3090.9 102.17 0.723 15.19
fl fl fl fl
A 2D 2911.1 91.99 0.675 15.42
~2914.10!a ~81.40! ~0.6354! ~15.4!
B 2S2 2167.1 173.72 1.11 19.38
~2246.42!b ~225.7!c ~1.4823! ~16.3!
C 2S1 2837.3 87.76 0.429 14.91
~2840.2!d ~125.96! ~0.7185! ~15.55!
D 2S1 1542.8 164.54 0.327 4.57
fl fl fl fl
c 4S2 1390.3 36.66 0.059 3.80
fl fl fl fl
E 2P 2743.0 57.63 0.512 14.24
fl fl fl fl
G 2S1e 2475.1 147.27 0.946 16.80
808.2 18.52 0.060 1.10
I 2S1 2892.2 106.07 0.043 7.05
fl fl fl fl
J 2D 1743.6 41.63 20.076 3.69
fl fl fl fl
aReference 86.
bReference 89.
cReference 21.
dReference 48.
eThe first entry corresponds to the global minimum, the second to the local
minimum; see text and Fig. 1.Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject dipole moment m51.406 D. Lie et al.175 in their remarkable
1973 work on CH report an energy of 238.410 44 hartree, a
De580.94 kcal/mol, a re52.113 bohr51.1182 Å, and a m
51.45 D. Peterson and Dunning233 give a total ~valence-
correlated! energy of 238.420 700 hartree, a De
583.33 kcal/mol and a re51.1202 Å at the CCSD~T!/cc-
pV~5Z/QZ! level. When they take into account core correla-
tion effects @at the CCSD~T!/cc-pCV~QZ/QZ! level# De is
improved by 0.13 kcal/mol, giving their best value of 83.46
kcal/mol, and their re decreases by 0.0018 Å. A similar de-
TABLE V. Harmonic frequencies ve , anharmonicities vexe , rotational
vibrational couplings ae , and centrifugal distortions D¯ e in cm21 of the
12C–D system in different states at the MRCI level. Experimental values in
parentheses.a
State ve vexe ae D¯ e(1024)
X 2P 2093.3 33.64 0.213 4.31
~2100.35!b ~34.16! ~0.212! ~4.32!
a 4S2 2269.4 44.09 0.272 4.38
fl fl fl fl
A 2D 2137.4 49.39 0.266 4.48
~2203.3! ~78.50! ~0.260! ~4.5!
B 2S2 1591.1 94.14 0.437 5.62
~1652.5! ~123.8! ~0.341! ~6.36!
C 2S1 2083.2 50.43 0.174 4.36
~2081.3! ~66.79! ~0.283! ~4.5!
D 2S1 1132.8 95.93 0.136 1.31
fl fl fl fl
c 4S2 1020.8 19.81 0.023 1.10
fl fl fl fl
E 2P 2014.0 30.30 0.199 4.13
~2025! fl fl ~4.0!
G 2S1c 1817.3 78.35 0.377 4.91
593.4 9.80 0.024 0.319
I 2S1 2123.5 57.83 0.019 2.04
fl fl fl fl
J 2D 1280.2 22.30 20.030 1.07
fl fl fl fl
aReference 48 ~except for X 2P).
bReference 147.
cThe first entry corresponds to the global minimum, the second to the local,
see text and Fig. 1.
TABLE VI. Harmonic frequencies ve , anharmonicities vexe , rotational
vibrational couplings ae , and centrifugal distortions D¯ e in cm21 of the
13C–H system in different states at the MRCI level.
State ve vexe ae D¯ e(1024)
X 2P 2842.5 61.78 0.538 14.67
a 4S2 3081.6 101.30 0.716 15.01
A 2D 2902.4 91.43 0.669 15.24
B 2S2 2160.6 172.69 1.10 19.15
C 2S1 2828.8 87.31 0.425 14.73
D 2S1 1568.4 152.94 0.341 4.38
c 4S2 1386.1 36.45 0.058 3.75
E 2P 2734.8 57.27 0.507 14.07
G 2S1a 2467.7 146.37 0.937 16.60
805.8 18.40 0.060 1.08
I 2S1 2883.5 105.45 0.043 6.97
J 2D 1738.4 41.38 20.075 3.64
aThe first entry corresponds to the global minimum, the second to the local;
see text and Fig. 1.to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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the CCSD~T! results between the cc-pCV5Z and the aug-cc-
pV5Z uncontracted levels. The corresponding experimental
values are De583.94 kcal/mol, re51.119 786(8) Å,86 prac-
tically equal to re51.1199 Å given by Huber and
Herzberg.48 Morino et al.,147 by estimating Be more accu-
rately, have obtained an experimental re51.118 056(29) Å,
which is in excellent agreement with our core correlation
corrected results. Finally, notice that the experimental value
of the dipole moment is 1.4660.06 D.25
B. The a 4S2 and c 4S2 states
Figure 1 shows that the a 4S2 state traces its origin to
the ground state fragments, while the c 4S2 state correlates
TABLE VII. Harmonic frequencies ve , anharmonicities vexe , rotational
vibrational couplings ae , and centrifugal distortions D¯ e in cm21 of the
13C–D system in different states at the MRCI level.
State ve vexe ae D¯ e(1024)
X 2P 2081.7 33.27 0.210 4.22
a 4S2 2256.8 43.46 0.268 4.29
A 2D 2125.5 48.84 0.261 4.38
B 2S2 1582.3 93.11 0.430 5.49
C 2S1 2071.6 49.91 0.171 4.27
D 2S1 1126.5 94.96 0.134 1.28
c 4S2 1015.1 19.59 0.023 1.08
E 2P 2002.8 29.95 0.196 4.04
G 2S1a 1807.2 77.47 0.371 4.80
590.1 9.69 0.024 0.312
I 2S1 2111.7 57.20 0.019 1.20
J 2D 1273.1 22.05 20.030 1.05
aThe first entry corresponds to the global minimum, the second to the local;
see text and Fig. 1.
FIG. 1. Potential energy curves of the lowest 11 valence and 4 Rydberg
states of CH. All energies have been shifted by 138.00 hartree.Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to the 5S(2s12p3) carbon state. Despite their large energy
separation (Te5140.2 kcal/mol! our findings indicate that
these two quartets interact substantially. In other words, the
5S carbon state plays a prominent role in the bonding mecha-
nism of the a 4S2 state. The CASSCF atomic equilibrium
and infinite separation Mulliken distributions are ~C/H!
re : 2s1.422pz
0.812px
0.982py
0.983d0.03/1s0.722p0.03,
r‘ : 2s1.952pz
0.042px
1.02py
1.03d0.01/1s1.0.
We see that upon interaction 0.5 e2 from the 2sC and 0.3 e2
from the 1sH have been promoted to the 2pz orbital of C. We
claim that the in situ C atom finds itself to a considerable
degree in the 5S excited state, with a corresponding CAS
leading configuration
ua 4S2&50.99u1s22s23s11px
11py
1&,
and the following vbL picture of the molecule:
The a 4S2 state was first observed in 1970 by Feldmann142
using laser photoelectron spectroscopy of CH2. Kasdan
et al.143 in 1975 obtained a T050.74260.008 eV517.11
60.18 kcal/mol, which combined with the experimental D0
of the X 2P state ~3.465 eV!48 gives D052.72360.01 eV
562.8060.23 kcal/mol for the a 4S2 state. Our MRCI T0
(5Te1Dve/22Dvexe/4) and D0(5De2ve/21vexe/4)
are 17.53 and 61.65 kcal/mol, respectively ~Tables III and
IV!. The discrepancy of about 1 kcal/mol in D0 between
experiment and theory can be attributed to corresponding
differences of De of X 2P(0.57 kcal/mol! and of
T0(0.42 kcal/mol!, which amount to 0.99 kcal/mol. Nelis
et al.144 employing a laser magnetic resonance method re-
ported an experimental ~vibrationally averaged! bond dis-
tance r051.097 67 Å in fair agreement with our re
51.0892 Å. Notice that this is the shortest bond distance of
all examined states. Corresponding theoretical values by Lie
et al.175 are: T0515.43 kcal/mol, D0560.88 kcal/mol, and
re51.0864 Å.
The c 4S2 state has never been observed experimen-
tally. The only theoretical investigation we are aware of is
the SCF calculation of Liu and Verhaegen170 at r52.9 bohr
(51.535 Å) with semiempirical correlation corrections.
They gave a Te (c 4S2←X 2P)5200 kcal/mol.
The PEC of this state is illustrated in Fig. 1, and from
Table III we see that Te (c 4S2←X 2P)5157.38 kcal/mol,
De522.31 kcal/mol, with respect to C(5S)1H(2S), and re
51.7866 Å. The leading CASSCF configurations are
uc 4S2&520.55u1s22s23s11px11py1&
10.51u1s22s13s21px11py1&
20.40u1s22s¯13s14s11px
11py
1&
20.26u1s22s24s11px
11py
1&,to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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2s1.172pz
0.832px
1.02py
1.0/1s0.98.
The 20.55 component above corresponds to the main CF of
the a 4S2 state, while the 0.51 and 20.40 components cor-
respond to the asymptotes of a 4S2(3P12S) and c 4S2(5S
12S), respectively.
C. The A 2D state
This state traces its ancestry to C(1D)1H(2S), as
shown in Fig. 1. Its CASSCF wave-function at equilibrium
and its Mulliken distributions at re and r‘ are as follows:
uA 2D&’0.69$u1s22s23s11px
2&2u1s22s23s11py
2&%,
re : 2s1.552pz
0.732px
0.972py
0.973d0.05/1s0.672p0.05,
r‘ : 2s1.932pz
0.052px
1.02py
1.03d0.03/1s1.0.
It is obvious that 0.38e2 from 2sC and 0.28e2 from 1sH are
transferred to the 2pz ,C orbital (0.3810.2810.0550.71).
We observe that the in situ C atom is in a s1p3 valence
excited state, which by symmetry cannot be other than the
3D(2s12p3) state, lying 7.942 eV above the ground 3P state
~Table II!. It is remarkable that the interaction of C(1D)
1H(2S) to form a A 2D state has as a result the excitation of
C to the 3D state, 6.68 eV above the 1D state. From Tables
I and III we see that our Te (A 2D←X 2P)
566.89 kcal/mol, re51.1056 Å, De545.54 kcal/mol, and
our dipole moment m50.8434 D are in excellent agreement
with the experimental values.48,83,86,74 However, considering
the strong involvement ~;70%! of the 3D state in the s-bond
formation, the intrinsic bond strength of this state is 153
kcal/mol (6.6830.70 eV145.5 kcal/mol!. The values of
Lie et al.175 are also in good agreement with the experi-
ment (re51.1023 Å, Te567.36 kcal/mol, and De
543.82 kcal/mol). A vbL picture conforming to the discus-
sion above is
D. The B 2S2 state
This weakly bound state is depicted in Fig. 1 and corre-
lates to the ground C(3P)1H(2S). The leading CASSCF
configurations at equilibrium and the corresponding Mul-
liken populations are
uB 2S2&’0.79u1s22s23s¯11px
11py
1&
20.40$u1s22s23s11px
11p¯y
1&
1u1s22s23s21px
11p¯y
1&%,
2s1.742pz
0.552px
0.982py
0.983d0.03/1s0.682p0.03.
The following vbL diagram suggests that the two atoms are
held together by a half s-bond.Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject At 3.5 bohr our MRCI calculations reveal an energy bar-
rier of 2.32 kcal/mol, first observed experimentally at about 4
bohr by Herzberg and Johns.30 We assume that this is due to
the participation of the 3D(2s12p3) excited state of C, as
evinced by the population analysis. As Table I shows,
Herzberg and Johns30 and Kepa et al.89 report an re
51.1640 Å while in the Huber and Herzberg compilation48
re51.1975 Å. In Table III we report a re51.1768 Å as well
as Te574.74 kcal/mol and De58.59 kcal/mol which com-
pare well with the respective experimental values of 74.51
and 9.43 kcal/mol @Tables I and III, using De(X)2Te(B)].
The corresponding theoretical values of Lie et al.175 are re
51.1727 Å, Te575.09 kcal/mol, and De55.30 kcal/mol.
E. The b 4P state
As it is shown in Fig. 1, this is the first repulsive state
correlating to the ground state fragments. Although not ap-
parent from its plot, this state possesses a calculated van der
Waals minimum of 4.5 cm21 at about 9.0 bohr.
F. The C 2S1 state
The Hartree–Fock 1D(M50) wavefunction of C is
u1D&5~1/6!1/2$2u2s22pz
2&2u2s22px
2&2u2s22py
2&%.
As H(2S) approaches C(1D) from infinity the interaction is
repulsive at first, leading eventually to an energy barrier of
4.66 kcal/mol at about 3.3 bohr ~Fig. 1!. Lie et al.175 have
calculated its height to be 6.6 kcal/mol at about 3.3 bohr, and
it has also been observed experimentally.30 As the inter-
atomic distance approaches equilibrium, the strong interac-
tion with the D 2S1 state induces a decrease in the pz elec-
tronic density accompanied by a simultaneous increase in the
densities of px and py . At equilibrium, the leading CAS
configurations and the atomic Mulliken CAS distributions at
re and r‘ are
uC 2S1&’0.69$u1s22s23s11px
2&
1u1s22s23s11py
2&%,
re : 2s1.542pz
0.722px
0.982py
0.983d0.02/1s0.672p0.07,
r‘ : 2s1.932pz
1.472px
0.282py
0.283d0.03/1s1.0.
The distributions and the CAS wavefunctions above suggest
the following bonding diagram:
According to Tables I and III the experimental
values30,48 of De521.68 kcal/mol ~with respect to the adia-
batic products!, re51.1143 Å and Te590.93 kcal/mol are in
good agreement with our MRCI results of 20.98 kcal/mol,to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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ing values of Lie et al.175 are 18.0 kcal/mol, 1.1113 Å, and
92.72 kcal/mol. Notice that this is the last state that Lie et al.
have calculated.
G. The D 2S1 state
The D 2S1PEC is illustrated in Fig. 1 and correlates to
the C(1S)1H(2S) fragments. Its rather ‘‘irregular’’ shape is
due to a strong interaction with the C 2S1 and G 2S1 states.
The C(1S) state is described by
u1S&5~1/3!1/2$u2s22pz
2&1u2s22px
2&1u2s22py
2&%.
The leading CAS configurations at equilibrium are
uD 2S1&’0.83u1s22s23s24s1&
20.29u1s22s23s1~1px
211py
2!&.
This is essentially the same as the asymptotic CAS wave-
function of the C 2S1 state, namely:
uC 2S1&’0.78u2s22pz
2&u1s1&
20.40u2s2~2px
212py
2!&u1s1&.
As the system moves past the equilibrium point, an intense
valence–Rydberg mixing takes place at 2.8 bohr with the
G 2S1 state, which correlates to the carbon Rydberg
3P(2p13s1) state. Although the D 2S1←X 2P transition is
symmetry allowed, it has not been observed spectroscopi-
cally, probably due to unfavorable Franck–Condon factors.
As shown in Table III, at the MRCI level of theory we
have obtained re51.6635 Å, De59.35 kcal/mol, and Te
5136.11 kcal/mol.
H. The d 6S2 state
This is a purely repulsive state ~Fig. 1! originating from
the 5S(2s12p3) valence state of C, as is the c 4S2 state ~vide
supra!. It presents a van der Waals attraction of 3.15 cm21 at
about 9 bohr.
I. The E 2P, F 2P, and H 2P states
The E, F, and H 2P states correlate to the 1D(2s22p2),
3P and 1P(2s22p13s1) Rydberg states of the C atom, re-
spectively. These carbon states span an energy range of 6.42
eV ~Table II!. The three excited 2P states exhibit avoided
crossings at different interatomic distances as illustrated in
Fig. 1. The avoided crossing between the E and F 2P states
occurs at 2.58 bohr giving the E state a volcanic type appear-
ance with a local minimum at 2.16 bohr. As the H atom
approaches from infinity, it is confronted by the 1D electron
distribution of C given by (1/2)1/2$u2s22px12 p¯ z1&
2u2s22 p¯x12pz1&%. This is an improper distribution for at-
tractive interaction due to the singlet coupling of the p elec-
trons, as opposed to the triplet coupling which leads to the
ground state. At the avoided crossing the E state exchanges
electron distributions with the descending F state, thus cre-
ating the local minimum mentioned above. The generated
energy barrier of the E state ~the lower of the split levels at
the avoided crossing! is 9.69 kcal/mol from the local mini-Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject mum, which has a re51.1437 Å and a Te
5169.68 kcal/mol. The corresponding experimental
parameters48 are re51.15 Å, and Te5172.7 kcal/mol. No-
tice that the state labeled as D 2P in the experimental
work30,48 is the E 2P state in our work due to the intervening
unobserved D 2S1 state.
The leading CAS configurations and the corresponding
Mulliken distributions at the local minimum are
uE2P&’0.92u1s22s21px
11py
2&20.15u1s23s21px11py2&
2s1.472pz
0.142px
0.982py
1.833d0.04/1s0.472p0.06,
corresponding to the following vbL bonding diagram:
Upon interaction a total of 0.5e2 are transferred from the H
to the C atom.
The local minimum of E 2P mirrors the 3D(2s12p3,M
561) valence carbon state, 8.0 eV above its ground 3P
state, as evidenced from the 3D configuration:
2D~2s12p3,M561 !
5~1/2!1/2$u2s12px
12py
2&2u2s12px
12pz
2&%.
The removal of the 2pz
2 component, detrimental to attractive
interaction, necessitates the involvement of the following va-
lence state of C, not shown in Fig. 1 and lying 1.39 eV above
the 3D state:
2P~2s12p3,M561 !
5~1/2!1/2$u2s12px
12py
2&1u2s12px
12pz
2&%.
This means that the local minimum corresponds to an intrin-
sic bond strength ~with respect to the 3D state! of 100 kcal/
mol.
The F 2P state has a local minimum around 4.8 bohr
with an energy barrier of 1.9 kcal/mol and a global wedge-
like minimum at rx52.6 bohr51.375 Å, which is the point
of avoided crossing with the E 2P state ~vide supra!. At the
MRCI level this ‘‘minimum’’ ~the higher of the split levels!
is 75.22 kcal/mol, and it lies 181.57 kcal/mol above the
ground state (‘‘Te’’). Both minima are with respect to the
asymptotic C(3P)1H(2S) level. The corresponding experi-
mental values,48 also given in Tables I and III are: re
51.20 Å and Te5187.6 kcal/mol ~in Ref. 48 this state is
designated as E 2P).
A state of 2P symmetry correlating to the 3D term of C
lends its character to the H 2P state at around 3.2 bohr,
which in turn passes its character to the F 2P state via an
avoided crossing at about 3.1 bohr ~Fig. 1!. As a result, the
minimum of the H 2P state can be considered as the con-
tinuation of the F 2P state. These observations are corrobo-
rated by the main CAS configurations at the global ‘‘mini-
mum’’ of the F state:to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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1&
20.30u1s22s23s14s¯11px
1&
20.46u1s23s21px
11py
2& .
The 0.72 and 20.30 components express the repulsive part
of the E 2P state, while the 20.46 component reflects the
attractive part of the F 2P state. The shoulder of this state at
about 2.4 bohr, just to the left of the avoided crossing, is
caused by an interaction with the H 2P state. There are no
spectroscopic data for this last state. For technical reasons
~convergence problems at the CI level! we were unable to
calculate a full H 2P curve ~Fig. 1!. Our MRCI results for
this state ~Table III! are: De561.0 kcal/mol ~with respect to
the asymptotic products!, re51.3762 Å and Te
5201.1 kcal/mol.
J. The G 2S1 state
The PEC of this state is depicted in Fig. 1 and correlates
adiabatically to the 3P(2p13s1) Rydberg state of C. It has
two minima, a local one at about 5.0 bohr with De
532.7 kcal/mol, and a global one at re51.1482 Å with De
569.30 kcal/mol. The barrier between them is 9.1 kcal/mol
measured from the local minimum and sustains at least three
vibrational modes ~Table IV!. It is a result of an avoided
crossing with the I 2S1 state ~vide infra!; this is supported
by the leading CASSCF configurations at equilibrium:
uG 2S1&’20.78u1s22s23s25s1&
20.44u1s22s23s24s1&
10.35u1s22s23s26s1&.
The 20.44 component reflects the D 2S1 state ~valence–
Rydberg mixing! while the 0.35 component corresponds to
the I 2S1 state.
The experimental values48 are re51.221 Å and Te
5188.55 kcal/mol, while our MRCI results are re
51.1482 Å and Te5187.36 kcal/mol ~Table III!. Notice that
in Ref. 30, the G state is referred to as F state.
K. The I 2S1 state
This state is illustrated in Fig. 1 and correlates to the
1P(2p13s1) Rydberg carbon state. Due to technical reasons
~convergence problems at the CI level! a part of the PEC
from 3.35 to 3.85 bohr has not been completed. The leading
CAS configurations at equilibrium are:
uI 2S1&’0.81u1s22s23s26s1&
10.41u1s22s23s24s1&
10.19u1s22s23s25s1&.
The 0.41 component represents the valence–Rydberg mixing
with the D 2S1 state and the 0.19 component reflects the
mixing with the G 2S1 state.
Our MRCI results, listed in Table III, are De
557.85 kcal/mol, re51.2639 Å, and Te5204.15 kcal/mol.
There are no experimental results in the literature for this
state.Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject L. The J 2D state
Part of the J 2D state around equilibrium is depicted in
Fig. 1; it stems from the 3D valence state of C. No experi-
mental values exist in the literature. Our MRCI results, listed
in Table III, are: De548.9 kcal/mol, re51.666 Å, and Te
5221 kcal/mol.
Although there are no experimental results for the H 2P ,
I 2S1, and J 2D states, an unidentified state of either 2P ,
2S1, or 2D symmetry has been reported30,48 with Te
5213 kcal/mol.
IV. SYNOPSIS
Using large, correlation consistent basis sets and MRCI
(CASSCF1112) methods, we have computed PECs for 15
states of the CH radical, spanning an energy range of 9.6 eV.
Our results can be considered in quantitative agreement with
existing experimental findings. In particular, for the X 2P
state ~after correction for core correlation effects!, our De
value is smaller than the experimental one by 0.43 kcal/mol
~5150 cm21! and our re value smaller by 0.0014 Å com-
pared to Ref. 86 and larger by 0.00034 compared to Ref.
147. It is interesting that the bond lengths of all bound states
reported in Table III are improved upon applying a uniform
0.002 Å contraction due to core-valence correlation
effects.233,234
In general, 0.220.5e2 are transferred from H to C upon
molecule formation. Dipole moments range from
0.16 D(I 2S1) to a remarkably high value of 6.17 D
(G 2S1). Finally, the multireference Davidson correction al-
lows us to claim that for the first ten states, valence correla-
tion has been extracted to within 2 mhartree.
Note added in proof. While in press X. Li and Y.-P. Lee
@J. Chem. Phys. 111, 4942 ~1999!# reported a T0(D 2P
←X 2P)558 980.592~53! cm21, in excellent agreement
with our T05Te1Dve/25169.68 kcal/mol1~254.0 cm21!
559 292 cm21. Please note that the D 2P state of Li and
Lee is referred to as E 2P in the present paper ~see text!.
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